Genioglossus myoelectric activity is of great significance in evaluating clinical respiratory function. However, there is a tradeoff in genioglossus EMG measurement with respect to accuracy versus convenience. OBJECTIVE: This paper presents a way to separate the characteristics of genioglossus myoelectric activity from multi-channel mandible sEMG through independent component analysis. METHODS: First, intra-oral genioglossus EMGgenioglossus EMG and three-channel mandible sEMG were recorded simultaneously. The FastICA algorithm was applied to three independent components from the sEMG signals. Then the independent components with the intra-oral genioglossus EMG were compared by calculating the Pearson correlation coefficient between them. RESULTS: An examination of 60 EMG samples showed that the FastICA algorithm was effective in separating the characteristics of genioglossus myoelectric activity from multi-channel mandible sEMG. The results of analysis were coincident with clinical diagnosis through intra-oral electrodes. CONCLUSIONS: Genioglossus myoelectric activity can be evaluated accurately by multi-channel mandible sEMG, which is non-invasive and easy to record.
Introduction
The genioglossus (GG) muscles are a pair of fan-shaped muscles found on either side of the tongue's midline; they extend from the mandible backward and upward. As GG muscles are important pharyngeal S496
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dilators that keep the upper airway open, they are of great significance in evaluating clinically respiratory function [1] . The measurement of GG electromyography (EMG) has caught widespread attention. Many researchers have tried to record GG EMGs in various ways. Some inserted percutaneous finewire electrodes [2] [3] [4] , hook-wire electrodes [5] , or concentric needle electrodes [6] into the GG; others placed intra-oral surface electrodes [7, 8] on the GG. These two methods are generally considered accurate. However, the invasive or intra-oral electrodes used are uncomfortable, especially during long-term measurement. Accordingly, some researchers have placed a pair of surface electrodes on the mandible, which are near the GG, and recorded mandible surface electromyography (sEMG) more comfortably [9] . Howver, these signals come not only from the GG, but also from neighboring muscle groups, and therefore cannot represent GG myoelectric activity.
Independent component analysis (ICA) is an important method for blind source separation and has been successfully applied to separate mixed signals when the number of active sources is unknown [10] . According to statistics independent rules, ICA can decompose the original mixtures to independent components (ICs). In recent years, ICA has been proved suitable for separating myoelectric signals. Using ICA, the eight-channel sEMG signals recorded from the tibial anterior muscles have been decomposed successfully to motor unit action potentials [11] [12] [13] . Some researchers have used ICA of sEMG to identify complex hand and finger movements [14, 15] . So far, there are few reports on application of ICA in analysis of the GG EMG.
Since sEMG measures the electrical activity of a number of neighboring muscles [10] , the mandible sEMG signals come from EMG generated by neighborhood muscle groups, including the GG. Therefore, ICA processing can separate GG EMG from the mandible sEMG signals; thus the GG EMG can be recorded by electrodes mounted on the mandible. This is non-invasive, accurate, and more patientfriendly. Based on the ideas above, this research simultaneously recorded three-channel mandible sEMG signals and intra-oral GG EMG, processed the former with ICA, and then compared the decomposed ICs with the latter by calculating the Pearson correlation coefficient between them and using statistical analysis.
Materials and methods

Subjects
Six healthy people aged 25-32 years, including two males and four females, were recruited for the study. These people suffered from oral cavity disease, sleep apnea syndrome, or correlative diseases. The Ethics Committee of Beijing Tongren Hospital approved the study, and each subject gave informed consent.
EMG electrodes
Silver-silver-chloride (Ag-AgCl) surface electrodes (diameter, 6 mm) were used to record the mandible sEMG signals for their favorable impedance characteristics. The electrodes were mounted on the mandible by conductive gel and fabric. A customized dental plate of the mandibular teeth and the mouth floor was made for every subject, and a pair of Ag-AgCl globular electrodes (diameter, 4 mm) were mounted under the plate (Fig. 2) . The distance between the electrode pairs was about 10 mm. When the plate was placed in the subject's mouth and fitted securely against the teeth, the electrodes were in direct contact with the GG ridge. The intra-oral GG EMG were recorded with the electrode pairs.
EMG signals acquisition
The electrodes were connected to a four-channel bipolar analog amplifier with a magnification of 24 times. The mandible electrode No. 0 was connected to the reference terminal of the amplifier, electrodes No. 1-3 to the positive terminal of one channel, and electrode No. 4 to the negative terminals of the No. 4+ channels. The intra-oral electrodes were connected to the fourth channel, with the left one to the positive terminal and the right to the negative terminal. Amplified signals were imported to a 24 bits sigma-delta mode analogue-to-digital converter with a sampling rate of 500 points per second. The system was battery-powered, and Bluetooth technology transported the digitized data to a computer; the common-mode interference was suppressed as much as possible.
Experimental protocol
The subjects were asked to keep lie prostrate and breathe regularly, swallow, and extend their tongue or mandible ten times separately. The mandible sEMG and the intra-oral GG EMG were recorded simultaneously.
Grouping of signals
The recorded signals were divided into segments under the guidance of an experienced sleep medicine specialist. Every segment corresponds to a movement in reference to the intra-oral GG EMG. The segments were assigned to four groups in accordance with the movement type: regular breathing, swallowing, tongue extension, and mandible extension. Every group consisted of 60 segments. Figure 3 shows the flowchart of the proposed procedure for the EMG signals. First, the mandible sEMG and the intra-oral GG EMG were preprocessed by a digital band-pass filtering whose passband is 10-100 Hz.
EMG signals processing
ICA decomposed the preprocessed mandible sEMG signals to three ICs. The FastICA algorithm developed by Hyvärinen, which is a computationally efficient and robust fixed-point type algorithm [16] , was applied. The FastICA package for MATLAB [16] was used to process the mandible sEMG data, and the hyperbolic tangent function was selected as the nonlinear function.
The Pearson correlation coefficient between every IC and the intra-oral GG EMG were separately calculated for each movement group; the maximum was assigned to the processing group. The Pearson correlation coefficient between every channel mandible sEMG and the intra-oral GG EMG was separately calculated; the maximum was assigned to a control group.
Statistical analysis
For each movement group, paired t-tests were used to compare the maximum Pearson correlation coefficient between the IC and the intra-oral GG EMG with the maximum Pearson correlation coefficient between the mandible sEMG and the intra-oral GG EMG; this represents how close the mandible sEMG signals are to the intra-oral GG EMG signal, before and after ICA processing.
Results are presented as the means ± standard deviations. Data analysis was carried out with IBM SPSS 20 statistical package. Statistical significance was accepted at P < 0.05. Table 1 compares the maximum correlation coefficient of sEMGs-EMG GG to that of ICs-EMG GG . For the regularly breathing group, there is no significant difference before and after ICA processing,
Results
T. Song et al. / Detection of genioglossus myoelectric activity using ICA of multi-channel mandible sEMG
S499
but there is a significant difference before and after ICA processing for the other three groups. It can be concluded that the results of ICA processing were correlated to EMG GG for all groups except the regularly breathing group.
Discussion
Anatomical structure suggests that mandible sEMG signals are composed of EMG signals produced by neighboring muscle groups, including the GG, geniohyoid, mylohyoideus, stylohyoideus, etc. Therefore, the mandible sEMG cannot directly represent GG myoelectric activity. On the other hand, ICA processing can separate the GG EMG can be separated from the mandible sEMG signals.
ICA can find a linear representation of data so that the components are statistically independent or as independent as possible [16] . As the recruitment pattern of a muscle's motor units are not dependent on other muscles, and the motor unit action potentials (MUAP) do not overlap, each muscle can be assumed to be independent and non-Gaussian [15] . Therefore, ICA can decompose the mandible sEMG signals to several independent sources, including the GG EMG.
In this study, the Pearson correlation coefficient was used to represent how close the sEMG signals were to the intra-oral GG EMG signal before and after ICA processing. As is indicated by the results of statistical analysis, when the subjects exercised movements of swallowing, tongue extension, or mandible extension, the decomposed ICs were closer to the intra-oral GG EMG than the mandible sEMG, which represents GG myoelectric activity. However, the same conclusion cannot be verified when the subjects breathe regularly. This can be explained by the discharge regularity of GG muscles [2] . During regular breathing, GG myoelectric activity was so weak that the discharge signals were overwhelmed by disturbance.
Since the ICA treated both disturbance and useful signals equally, it is necessary to enhance the signalto-noise ratio of recorded signals. In this study, a highly accurate 24 bits sigma-delta mode analogueto-digital converter was used to record the weak EMG signals, and the signal acquisition system was battery-powered to guarantee quality of the signals. On the other hand, ICA is suitable when the numbers of recordings are the same as or greater than the number of sources [10] ; the quantity of input channels can affect the reliability of ICA. Electrode configurations were considered carefully for the surface area of electrodes and the limited amount of channels, and three-channel bipolar signals were acquired subtly from only four electrodes. The steps mentioned above contributed to the effectiveness of ICA processing.
Conclusion
GG EMG provides important information about GG myoelectric activity, and present measurement methods are unsatisfactory. Intramuscular or intra-oral electrodes make patients uncomfortable and cannot be used for long-term clinical monitoring. While mandible electrodes are not accurate and difficult to identify the respiratory events effectively. This paper presented a novel method to record GG EMG. Three-channel mandible sEMG signals were recorded with more mandible electrodes and a highly accurate analogue-to-digital converter. Then the FastICA algorithm was used to decompose the sEMG signals to three ICs. An experiment was conducted to compare the ICs with the intra-oral GG EMG signals recorded simultaneously. The results indicate that ICs are consistent with the intra-oral GG EMG during the subjects' movements of swallowing, tongue extension, or mandible extension. Compared with existing methods, the method is non-invasive, S500
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accurate, and can be valuable for clinical application. In the future, the authors would like to customize tiny electrodes to obtain multi-channel EMG signals and improve the amount of ICA input channels. More subjects may be recruited, and long-term monitoring will be conducted to improve and verify the proposed method.
